We report detailed studies of a threshold antenna frequency for the creation of an ion beam due to the formation of a stable electric double layer (DL) in an expanding, low pressure, argon helicon plasma. Mutually consistent measurements of ion beam energy and density obtained with a retarding field energy analyzer and laser-induced-fluorescence indicate that a stable ion beam of approximately 15 eV appears for antenna frequencies above 11.5 MHz. At lower antenna frequencies, for which the rf coupling to the plasma improves, large electrostatic instabilities appear downstream of the expansion region and a well-formed ion beam is not observed. Further studies of the low frequency (∼17.5 kHz) electrostatic fluctuations suggest that they arise from beam-driven, ion acoustic instabilities. We also observe a sharp increase in the upstream density at the same threshold antenna frequency, confirming a theoretical model that predicts an increase in the upstream density due to enhanced ionization resulting from electrons accelerated upstream by the DL.
Introduction
Recent experiments [1] [2] [3] [4] [5] by a number of groups have suggested that electric double layers (DLs) can form spontaneously in current-free, helicon plasmas expanding in a diverging magnetic field. DLs are narrow, local regions of strong electric potential gradient isolated from plasma boundaries. They often separate regions of plasma with widely different densities and temperatures and are an important mechanism for the acceleration of charged particles along magnetic fields in astrophysical and laboratory plasmas. Alfvén suggested that a possible mechanism for the formation of the aurora is the precipitation of energetic electrons into the upper atmosphere that have been accelerated by electric DLs [6] in space. Later observations [7] provided strong evidence supporting Alfven's hypothesis. Since then DLs have been invoked in the discussions of physical phenomena as diverse as solar flares [8] , high power gas lasers [9] , laser ablated plasmas [10] and helicon plasma thrusters [1] .
In our experiment, both retarding field energy analyzer (RFEA) probes [11, 12] and non-perturbative laser induced fluorescence (LIF) [5, 13] are used to measure the ion velocity distribution function (IVDF) of a low pressure argon helicon plasma. The IVDFs are used to infer the existence of DLs through the detection of ion beams downstream of the expansion region. The RFEA probes are also used to obtain measurements of the local plasma potential through the DL region assuming that the measured acceleration of the bulk ion population results from the acceleration of local ions through the difference between the plasma potential and the grounded front aperture of the RFEA probe.
However, certain aspects of the observed ion acceleration process are inconsistent with expectations for a typical DL, e.g. the ion acceleration extends over many tens to hundreds of Debye lengths [5] instead of the expected 10 to 50 Debye lengths [14] in a conventional DL. That the mean free paths of the plasma constituents, not typically a parameter in DL theories, also play a critically important role is borne out by the observation of a low pressure threshold for ion beam formation common to all the single-species, spontaneous ion beam formation, helicon experiments [1] [2] [3] [4] [5] . Moreover, recent reports of a threshold condition for the magnetic field strength [15] in the source suggest that the trigger for ion beam formation depends intimately on the plasma parameters in the source. Consistent with the hypothesis that DL formation is sensitively dependent on the plasma source parameters are our observations of increased upstream ionization coincident with the formation of a downstream ion beam due to a DL for a specific range of antenna frequencies [16] .
The formation of DLs in a current-free plasma expanding in a divergent magnetic field was first predicted in an analytical study by Perkins in 1981 [17] . More recently, theoretical models have been developed for DLs in laboratory plasmas [18] [19] [20] in the solar corona [20] and at the boundary between the ionosphere and the auroral cavity [20] . In [19] , a diffusioncontrolled model describes the formation of a current-free DL in a plasma expanding from a small-diameter, dielectric source chamber (upstream) to a large-diameter, conducting expansion chamber (downstream); similar to our experimental configuration and the configuration of a variety of plasma sources used in the plasma processing industry and in other laboratory experiments.
The diffusion-controlled model couples the dynamics of the particles in the non-neutral DL to the diffusive flows of the quasi-neutral plasma in the source and expansion chambers. As in a conventional DL model, the DL is embedded in a quasi-neutral plasma consisting of four groups of charged particles: thermal ions, mono-energetic accelerated ions flowing downstream, accelerated electrons flowing upstream and thermal electrons. To ensure that the DL is current-free, the model adds another group of counter-streaming electrons formed by the reflection of almost all of the accelerated electrons from the sheath at the insulated end wall of the source chamber. The potential difference across the DL is determined by the upstream and downstream particle balances. Since the upstream radius is smaller than the downstream radius, ionization by thermal electrons upstream is not enough to balance the larger particle losses upstream. An additional source of upstream ionization becomes necessary and is provided by the accelerated group of electrons. In this model, the DL vanishes at very low pressures as the maximum ionization rate for the accelerated electrons upstream is insufficient to balance the excess upstream particle loss. At very high pressures, the system length becomes comparable to the energy relaxation length for ionizing electrons. Since electrons are heated upstream, the downstream ionizing electron density decreases at higher pressures. When the downstream and upstream ionization rates become equal to the corresponding particle loss rates, the additional ionization provided by the accelerated electrons is unnecessary and the DL vanishes.
Experimental studies, in which the neutral pressure was varied, demonstrated a clear pressure threshold for ion beam formation [1] [2] [3] [4] [5] that is consistent with the predictions of the diffusion-controlled model. However, because the overall neutral pressure was also changing in those studies, it was difficult to demonstrate that changes in the ratio of the upstream to downstream density (D R ) were solely a result of the formation of the current-free DL-a key prediction of the model. The substantially different magnetic field profiles in the recent study [15] that demonstrated a threshold in magnetic field strength for DL formation also made clear identification of the mechanism responsible for the observed change in D R problematic.
In this work, we expand on our initial observations of the effect of changing the antenna frequency on the formation of the ion beams downstream of a low pressure expanding helicon argon plasma [16] . The plasma density, electron temperature and parallel IVDF were measured both upstream and downstream of the acceleration region. The IVDFs were obtained by both RFEA and LIF. Analysis of the RFEA measurements yields ion beam energies and relative ion beam to background ion densities that are consistent with the LIF measurements. The electron temperature and plasma densities upstream and downstream of the DL were measured with rf compensated Langmuir probes [21] . An electrostatic double probe was used to measure the frequency spectrum of the electric field fluctuations for plasmas with and without a stable DL. The electrostatic fluctuation measurements point to a beam-driven, ion acoustic instability as the mechanism responsible for suppression of the DL at low antenna frequencies.
Experimental apparatus
A schematic view of the experimental apparatus is given in figure 1 . The Hot hELIcon eXperiment (HELIX) [22] vacuum chamber is a 61 cm long, Pyrex tube 10 cm in diameter connected to a 91 cm long, 15 cm diameter stainless steel chamber. The chamber has one set of four 6 Conflat™ crossing ports in the center of the chamber and two sets of four 2 3 4 Conflat™ crossing ports on either side that are used for LIF and spectroscopic diagnostic access. The stainless steel chamber opens into a 4.5 m long and 2 m diameter space chamber, the Large Experiment on Instabilities and Anisotropies (LEIA) [22] . The opposite end of the Pyrex tube is attached to a glass tee. Ten water-cooled electromagnets produce a steady state axial magnetic field of 0-1200 G in the source. A MKS mass flow controller is used to introduce gas into either the glass tee or the middle of the stainless steel chamber. Neutral pressures are measured by a Balzers PKR250 full range pressure gauge located in the glass tee and by a Baratron pressure gauge located 35 cm downstream of the antenna. Plasmas are created at neutral pressures (with rf on) ranging from 0.1 to 100 mTorr. Rf power of up to 2.0 kW over a frequency range 6-18 MHz is coupled into a 19 cm half wave, right-handed helical antenna to create the steady state plasma. Characteristic electron temperature and densities in HELIX are T e ≈ 4 eV and n ≈ 1 × 10 13 cm 3 as measured with rf compensated, cylindrical, Langmuir probes [21] located 50 cm downstream of the antenna and also in the expansion chamber. Seven water-cooled electromagnets produce a steady state axial magnetic field of 0-150 G in the expansion chamber, LEIA.
For LIF measurements of the argon IVDF, the ring dye laser-based LIF laser system (see [23] for a complete description of the laser system) is tuned to 611.662 nm (vacuum wavelength) to pump the Ar II 3d 2 G 9/2 metastable state to the 4p 2 F 7/2 state, which then decays to the 4s 2 D 5/2 state by emitting 460.96 nm photons [24] . A typical LIF measurement consists of sweeping the frequency of a very narrow bandwidth laser through a collection of ions or atoms that have a thermally broadened velocity distribution function. The illuminated ions or atoms absorb a photon and are pumped into an excited state when the laser appears at the appropriate frequency in their respective rest frames. Measurement of the intensity of the photon emission from the excited state as a function of laser frequency characterizes a typical LIF measurement.
In these experiments, the dye laser beam is split and 90% is mechanically chopped at ∼2 kHz and coupled into a multimode, non-polarization-preserving, fiber optic cable for transport from the laser laboratory to injection optics aligned along the magnetic axis of the helicon sourceexpansion chamber system. As the laser frequency is swept over the typical 20 GHz range, the fluorescent emission from the pumped excited state is collected and transported via a fiber optic to a filtered (1 nm bandwidth around the fluorescence wavelength) narrowband, high-gain, Hamamatsu photomultiplier tube (PMT). Since the PMT signal is composed of background spectral radiation, electron-impactinduced fluorescence radiation and electronic noise, a Stanford Research SR830 lock-in amplifier is used to eliminate signals not correlated with the laser modulation. Lock-in amplification is essential since electron-impact-induced emission is several orders of magnitude larger than the fluorescence signal. The remaining 10% of the beam is passed through an iodine cell for a consistent zero-velocity reference as well as compensation for possible laser drift [25] . Fluorescence from the iodine cell is detected with a photodiode and recorded for each laser frequency. In these measurements, the IVDF is measured with LIF at two different locations. The downstream LIF measurements are obtained using the scanning internal probe [26] the axis of the helicon source and collecting the fluorescent emission at multiple axial locations with a small set collection optics placed outside the chamber (typically at position 3 in figure 1 ; 5 cm upstream of the junction of HELIX and LEIA). For probe measurements of the IVDF, an RFEA is inserted to the axis of the experiment (position 5 in figure 1 ), downstream of the ion acceleration region and aligned so that the RFEA aperture faces the upstream (helicon source) direction. The RFEA (figure 2) consists of four closely spaced mesh screens (250 lines per inch nickel mesh glued to copper support rings) placed behind a grounded aperture and held in grounded probe assembly [11, 12] . The grids are separated by thin mica insulators. The first grid, the electron repeller, is biased from −40 to −70 V depending on the local plasma conditions. Since the typical electron temperature is 5 eV, the repeller bias is sufficient to exclude all but the most energetic electrons in the plasma. The second grid, the discriminator, is typically swept from −5 V to 75 V with a linear ramp. Ions with energies larger than the discriminator potential continue on to the third grid. We found that because the grids are so closely spaced, discriminator sweep rates larger than 10 mHz resulted in unacceptable levels of inductive coupling to the third grid, the electron suppressor grid. Using 9 V batteries, the suppressor grid is biased to −18 V and the fourth grid, the collector, is a solid copper plate biased to −9 V. The current collected by the suppressor grid (due to secondary electrons emitted from the collector with enough energy to overcome the −9 V potential barrier) is added to the collector current with a fast amplifier with variable gain of 2 to 1000 [11, 12] .
The downstream electron temperature and densities are measured with a Langmuir probe on the scanning probe assembly [26] . The scanning probe assembly was inserted 124 cm downstream of the rf antenna (position 4 in figure 1 ). The upstream electron temperatures and densities are measured with another rf compensated, cylindrical Langmuir probe situated 35 cm downstream of the rf antenna (position 1 in figure 1 ) and the power spectrum of the electric field fluctuations is measured with a double probe located at 50 cm downstream of the rf antenna (position 2 in figure 1 ).
Analysis of IVDF measurements
For LIF measurements of the IVDF in a weak magnetic field, the LIF emission as a function of laser frequency is fit to a single or a pair of drifting Maxwellian distributions:
where ν o is the rest frame frequency of the absorption line, m i is the ion mass and T i is the ion temperature. For magnetic field strengths less than 100 G, Zeeman splitting of the two circularly polarized absorption lines is ignorable. For stronger magnetic fields, the detailed Zeeman splitting must be incorporated into the analysis [27] . For RFEA measurements of the IVDF, the ion current reaching the collector is measured as a function of discriminator voltage. Theoretically, a negative repeller voltage of tens of volts is sufficient to prevent all electrons from entering the RFEA probe. The ion current, I ( D ), collected by an RFEA as a function of discriminator potential, D , due to a single drifting Maxwellian ion distribution (an ion beam) is
where n b is the beam density, T b is the beam temperature and E b is the beam energy. Because the derivative of equation (2) with respect to the discriminator potential is
and in the limit of zero beam energy the right-hand side of equation (3) reduces to the original Maxwellian distribution, the derivative of an RFEA measurement with respect to discriminator potential is often interpreted as the ion energy distribution. However, such analysis is only valid for nondrifting ion populations. In fact, the width in energy space predicted by equation (3), i.e. the 1/e folding points, is
In other words, the width of the peak resulting from a derivative of the collected current of an RFEA is not necessarily a measure of the ion temperature but is in fact proportional to the square root of the product of the beam energy and the ion temperature.
In our experiments, the structure of the RFEA probe and the first grid are electrically grounded. Ions in the plasma are accelerated by the positive plasma potential toward the grounded first grid of the RFEA. Therefore, even if the average velocity of ions in the plasma is zero, the ion population entering the RFEA will do so with 'a beam' energy equal to the e P , where P is the plasma potential and the complete version of equation (2) must be used in analysis.
In the case of two parent ion populations, a beam and a stationary background, the total RFEA current as a function of discriminator potential is:
where a factor of 1/2 appears in the density of the background plasma, n p , to account for the fact that only the half of the background distribution that was traveling toward the probe is measured, whereas the entire beam population (assuming the beam was originally traveling toward the RFEA probe and kT B e P ) is measured. The possibility of a drift of the background ion population in addition to the acceleration arising from the plasma potential is explicitly included in equation (4) through the E P energy term. For the RFEA measurements presented in this work, the parent ion distributions (see figure 6 ), which are assumed to be a pair of drifting Maxwellians, are obtained by fitting equation (4) to data (see figure 5 ).
Experimental results
Both the downstream IVDF measurements and the upstream and downstream plasma densities and electron temperatures were obtained for argon plasma at an rf power of 750 W, a magnetic field of 700 G in the source and a magnetic field of 50 G in the expansion region. With a constant flow rate of 3.6 sccm into the system, the neutral pressures in the source and expansion regions were 0.2 mTorr and 0.05 mTorr, respectively. To obtain sufficient signal-to-noise for the upstream LIF-based IVDF measurements (using collection optics external to the vacuum chamber), the magnetic field in the expansion region was decreased to 14 G, the rf power lowered to 700 W and the flow rate increased to 8.6 sccm; yielding neutral pressures in the source and expansion regions of 1.0 mTorr and 0.09 mTorr, respectively. To optimize the RFEA measurements (which was placed further away from the HELIX-LEIA junction), the flow rate was reduced to 5 sccm; yielding neutral pressures in the source and expansion regions of 0.7 mTorr and 0.07 mTorr, respectively. The double probe measurements were obtained at the same source parameters as those used for the RFEA measurements. Note that during the scans of the antenna frequency, all other source parameters were held constant.
LIF measurements of the Doppler shifted downstream IVDF (relative to the rest frame absorption line frequency) are shown in figure 3 . Because the laser injection direction is opposite to the flow of the plasma, a negative frequency shift corresponds to ion flow toward the expansion chamber. The large amplitude peaks at low velocities (small laser frequency shift) are the background ion population. For antenna frequencies below 11.5 MHz, there is a strong background population and a long tail of energetic ions. For antenna frequencies of 12 MHz and higher, a distinct ion beam appears Since previous measurements demonstrated that the beam velocity increases for weaker expansion chamber magnetic fields [28] , we expect that the downstream beam velocities would have been even larger had the expansion chamber field been reduced to the 14 G expansion chamber magnetic field strengths used for the upstream IVDF measurements described below. Previous measurements in HELIX have demonstrated that the ion acceleration region, the DL, develops at the location of the maximum in the magnetic field gradient between the source and expansion chambers.
Shown in figure 4 are the upstream LIF measurements of the IVDF. A positive shift in the frequency of the peak LIF emission corresponds to ion flow toward the expansion chamber. Note that the antenna frequency axis has been reversed compared with figure 3 so that the entire IVDF can be seen for each measurement. After correcting for the Zeeman shift of the absorption line for a magnetic field of 700 G, there is a slight increase in the downstream-directed drift velocity of the bulk ion population with increasing antenna frequency, from 6.7 km s −1 at 9.5 MHz to 7.5 km s −1 at 12 MHz. The bulk drift velocity remains nearly constant for further increases in the antenna frequency. The increase in LIF signal at lower antenna frequencies likely results from an increase in the population of the initial metastable argon ion state of the LIF sequence (since lower antenna frequencies typically result in improved coupling of the rf power into the plasma [29] ) or the slightly longer time spent in front of the collection optics by slower moving excited state ions. Note that for antenna frequencies below 11.5 MHz, a broad tail of slower ions appears. By 9.5 MHz, the tail of slow ions expands to include ions moving in the upstream direction as well. The increase in the drift velocity with increasing antenna frequency is opposite to what was observed in the case of the ion beam from the downstream LIF measurements.
Shown in figure 5 are RFEA collector current measurements versus discriminator voltage for the same range of antenna frequencies. The data shown were averaged over 100 measurements at each antenna frequency. There is a clear onset of large amplitude fluctuations in the RFEA collector current at driving frequencies from 11.0 to 11.5 MHz. This ∼11.5 MHz threshold corresponds to the same threshold frequency above which two distinct ion populations are evident in the RFEA data: one is the background ion population that appears in the RFEA data at the plasma potential of approximately 25 V and the other is an ion beam population that appears at high discriminator voltages. At lower antenna frequencies, only the background ion population appears in the RFEA data. The parent IVDFs obtained from fits of equation (4) figure 7 . There is a gradual increase in the downstream plasma density with increasing antenna frequency, from 6 × 10 9 cm −3 at 9 MHz to 1 × 10 10 cm −3 at 13.56 MHz. Upstream of the expansion region, there is a large and discontinuous increase in the measured density as the antenna frequency changes from 11.5 to 12 MHz. This is the same driving frequency at which the downstream ion beam, and by implication the DL, appears. With the DL present, the density increased to 2.6 × 10 11 cm −3 from an average density of 0.85 × 10 11 cm −3 without the DL; an increase of nearly a factor of three. It is important to remember that this increase in plasma density occurs without any change in the magnetic field geometry, neutral pressure or forward rf power. It is also important not to attach any particular significance to the absolute antenna frequency at which the DL appears. Certainly DLs have been observed in other helicon plasmas operated at frequencies well below 11.5 MHz [30] . For different magnetic field geometries, DLs are also observed at lower antenna frequencies in our experiment. In these particular experiments, the efficiency of the rf coupling into the plasma varies with driving frequency [29] and therefore by changing the driving frequency, the quality of the source plasma changes slightly without any changes in the magnetic field geometry or fill pressure. In fact, typically the plasma source density increases at lower antenna frequencies, so the dramatic increase in temperature is relatively constant at an average value of 7.9 eV for all driving frequencies. The IVDF and density measurements are consistent with the diffusion-controlled model prediction of enhanced upstream plasma density arising from the formation of a current-free DL in expanding plasma [18] [19] [20] . For identical plasma source parameters, apart from the driving frequency, the upstream density clearly increases when the downstream LIF and RFEA measurements indicate the presence of a current-free DL.
During these experiments, we observed that the upstream and downstream Langmuir probe measurements were extraordinarily noisy for source frequencies up to 11.5 MHz. Each measurement had to be repeated many times to obtain reliable density and electron temperature measurements. Above source frequencies of 12 MHz, a single measurement was sufficient. Shown in figure 8 are two typical rf compensated Langmuir probe I -V curves that were obtained for two different driving frequencies. To quantify this phenomenon, the average root-mean-squared deviation from a linear fit to a 6.0 V wide region of the Langmuir probe I -V curve in the electron retardation region was calculated as a function of rf frequency and the results normalized to the average value of the reference I -V curve in that same region are shown in figure 9 . Essentially, figure 9 is a measure of the noise-to-signal versus driving frequency. Note that these measurements were obtained after four Langmuir probe measurements were averaged together, i.e. the noiseto-signal is substantial, even after multiple measurements are averaged together. These data indicate that coincident with the appearance of the current-free DL, there is a dramatic reduction in the electrostatic noise both upstream and downstream of the expansion region. The presence of these large electrostatic fluctuations in the Langmuir probe traces, at lower antenna frequencies, motivated us to install a double probe to measure the frequency spectrum of the electric field fluctuations in the plasma.
Shown in figure 10 are the double probe measurements of the power spectra of the upstream electric field fluctuations versus driving frequency. For driving frequencies below 11.5 MHz, the spectra are dominated by a wave at a fundamental frequency of 17.5 kHz and its harmonics. Figure 11 (a) shows the power spectra of the same electrostatic fluctuations near the primary antenna frequency for different antenna frequencies. The driving antenna frequency beats with the wave at 17.5 KHz and produces sidebands only when the antenna frequency is less than 11.5 MHz. Expanded views of the power spectra for antenna frequencies of 9 and 12 MHz are shown in figures 11(b) and (c), respectively. The 17.5 kHz wave propagates primarily in the axial direction (determined by the rotation of the double probe) with a wavelength of approximately 30 cm. Axial propagation rules out drift waves as the source of the instabilities. The parallel wavelength and multi-harmonic excitation are inconsistent with the characteristics of the ionization instability observed in another DL experiment [31] . The multiple harmonics simultaneously spanning frequencies below and above the ion cyclotron frequency rule out electrostatic ion cyclotron waves, i.e. when the waves are observed upstream and downstream of the DL they are at the same frequency even though upstream they are locally sub-cyclotronic and downstream they are locally super-cyclotronic. Given that the wavelengths are much larger than the Debye length but much shorter than the system size, the fact that they propagate along the background magnetic field, and that excitation of the waves appears to be associated with a threshold particle drift velocity (ion beam speed) comparable to the ion sound speed (∼6 km s −1 for these plasmas), the waves are most likely due to a beam driven ion acoustic instability [32] .
The dispersion relation for the ion acoustic mode, for ion temperatures much smaller than the electron temperature, is
where ω is the frequency of the wave, k is the wave number, λ De is the electron Debye length, γ is the ratio of the specific heats, κ B is the Boltzmann constant and T e is the electron temperature.
For large values of k, the frequency asymptotically approaches the ion plasma frequency. For frequencies much less than the ion plasma frequency (∼60 MHz, in this experiment), for values of k smaller than 1/λ De (∼12 cm and therefore satisfied for these experimental conditions) and assuming isothermal electrons the wave frequency is linear in k and the phase velocity is approximately given by the ion sound speed
For our experimental parameters, the calculated ion sound speed is 5.0 km s −1 . Since the measured average phase velocity of the 17.5 kHz wave is 5.2 ± 1 km s −1 , these measurements strongly suggest that the waves are ion acoustic waves. Since the waves only appear at 17.5 kHz, a full dispersion relation could not be obtained experimentally.
Discussion
The instability at 17.5 kHz and its harmonics appear only for driving frequencies below 11.5 MHz. These are the same driving frequencies for which large noise levels appear in the Langmuir probe traces and for which no ion beam is seen downstream in both the LIF and RFEA IVDF measurements. Moreover, in the upstream LIF measurements at the same antenna frequencies, there is a low-density population of slow moving ions that extends from the drifting bulk population to zero velocity. Above the antenna frequency threshold of 11.5 MHz, the ion beam appears downstream of the plasma source and the beam velocity decreases with increasing driving frequency (see figure 12 ). The decrease in downstream ion beam velocity with increasing driving frequency suggests that the ion beam velocity would be even larger at lower driving frequencies if whatever mechanism that prevents ion beam formation did not arise at an antenna frequency of 11.5 MHz.
Previous experiments in our helicon source demonstrated improved power coupling into the plasma at lower antenna frequencies [29] and we suggest the following interpretation of the observations reported here. At antenna frequencies below 11.5-12 MHz, a stronger DL attempts to form. The accelerated ion and electron beam currents exceed some threshold and large electrostatic instabilities develop. It is the improved rf coupling into the plasma that triggers this transition and the exact antenna frequency at which this occurs is probably not significant. The instabilities appear as large amplitude noise on the Langmuir probe measurements and also as 'flickering' of the accelerating potential upstream of the normal DL formation location. Because the DL is unstable, the upstream ions are not continuously accelerated toward the expansion region and a broad ion population including an accelerated bulk population and a long tail extending down to zero drift energy results (see figure 4) . Downstream of the expansion region, the ion beam does not propagate when the large instabilities are present-and is therefore not seen in the LIF data presented in figure 3 or the RFEA data presented in figure 6 . Once the rf power coupling efficiency drops at higher antenna frequencies, a stable, but weaker, DL forms, the electrostatic noise is significantly reduced, and the ion beam appears downstream. Consistent with this hypothesis are the measurements of the upstream bulk ion speeds and the downstream ion beam velocities (obtained from the IVDFs of figures 3 and 4) as shown in figure 12 . The downstream ion beam velocity clearly increases with decreasing antenna frequency until the beam abruptly vanishes downstream. The upstream beam velocity is relatively constant at the higher antenna frequencies and then begins to drop at the same threshold antenna frequency (11 MHz) for which the downstream beam vanishes. Above the threshold of 11.5 MHz, the modest increase in the strength of the DL with decreasing antenna frequency is probably related to the improvement in the rf coupling of the source at lower antenna frequencies.
Because the appearance of the instability disrupts the DL, these measurements provide a unique means of experimentally studying the physics related to the formation of a current-free DL in expanding plasmas. These experiments are not the first to indicate the presence of low-frequency instabilities (possibly beam-driven) associated with current-free DLs [31] . However, to the best of our knowledge, the suppression of DL formation in expanding plasmas by the appearance of intense electrostatic instabilities has not been previously reported. These results suggest that creation of strong DLs in expanding plasmas for plasma propulsion [1] may be self-limited through instability growth.
